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Abstract

The effect of a commercial multienzyme product obtained by fermentation from Aspergillus aculeatus on
soybean and soybean meal was investigated using viscosity measurements, dietary fibre component analysis and
different microscopy techniques utilizing histochemical dyes and antibody labelling. The results obtained
demonstrated a strong viscosity reducing effect of the enzyme preparation on soluble galactomannan and
xyloglucan polysaccharides and in addition non-starch polysaccharide analysis demonstrated a notable
solubilisation of all polysaccharide constituents. The degradation of these components as native integral parts of
cell walls upon exposure to the enzyme was visualized with microscopy. Two histochemical dyes, coriphosphine
O and alcian blue were successfully used to follow pectin solubilisation after enzyme treatment. Commercial
antibodies recognizing specific components of pectin and hemicellulose components of soybean cell wall were
also used to visualize several enzyme activities in the commercial enzyme preparation The challenges of using
commercial antibodies elicited from a given plant source to detect similar epitiopes on another plant source are
also discussed. Non-starch polysaccharide analysis of the insoluble dietary fibre constituents before and after
enzyme treatment corroborated the visualized mode of action demonstrated by microscopy. The combination of
techniques provided visual and quantitative measurements of the solubilisation and degradation of hemicellulose
pectic soybean cell wall components as part of the undesirable antinutrients in animal feed.

Keywords: enzymes, SBM, NSP, viscosity, pectic polysaccharides, hemicelluloses, microscopy
1. Introduction

Due to EU legislation that limits the use of meat and bone meal as a protein supplement in animal production
since early 2001, a bigger market has been created for soybean meal (SBM) and other plant protein based
ingredients (Brookes, 2001). The by-product meals of soybean (Glycine max), canola or rapeseed (Brassica
napus), sunflower (Helianthus annuus) and palm kernel (Elaeis guineensis) obtained after industrial oil
extraction are major components in livestock feed. SBM, due to its high content of good quality protein
(Friedman & Brandon 2001) dominates the global feed market for vegetable protein meals making it an excellent
ingredient in feed formulations to especially poultry and pigs.

The composition and nutritive value of oilseed meals depend on the cultivar and growing conditions as well as
the processing conditions (Brookes 2001; Karr-Lilienthal et al., 2005). Oilseeds contain a variety of
anti-nutritional factors (ANFs) e.g. serine protease inhibitors and lectins, which have toxic properties in
monogastrics (Nahashon & Kilonzo-Nthenge, 2011) as well as non-starch polysaccharides (NSPs), which may
influence digestion and absorption since monogastrics do not have endogenous enzymes that enable them to
break down and digest the complex plant cell wall lattices (De Vries et al., 2012). Therefore perhaps the most
important factor that influences the nutritive value of oilseed meals are the indigestible acidic and neutral NSPs
originating from the plant cell walls. In addition, there are also indigestible low molecular weight sugars such as
raffinose and stachyose originating from the endosperm. The cell walls of soybean and other dicotyledons are
categorized as type I cell walls consisting of rhamnogalacturonans, classified as pectin polysaccharides, cellulose
and hemicelluloses (e.g. xyloglucans and mannans). There is about 6% pectin in SBM, 9% in rapeseed meal and
5% in sunflower meal (Malathi & Devegowda, 2001). Rhamnogalacturonan has a main chain of galacturonic
acid interlaced with rhamnose and with side chains of galactose and arabinose residues (Huismann et al., 1998).
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Pectins remain largely intact during the digestion process in the small intestine, increasing digesta viscosity and
reducing digestion and absorption of the nutrients (Langhout & Schiitte, 1996).

Xyloglucan is a highly water soluble hemicellulose (Fry, 1989) and an increasing chain length of the backbone
results in increasing viscosity (Gloster et al., 2007). Another viscous polysaccharide is f-mannan which inhibits
insulin secretion in swine (Leeds et al., 1980; Sambrook & Rainbird, 1985), suggesting a deleterious effect on
energy.

The application of feed NSP degrading enzymes to improve digestion, overcome anti-nutritive effects and hereby
increase animal welfare and generate uniform livestock is well acknowledged today. Recent estimates indicate
that feed enzymes saved the global feed market US$ 3-5 billion per year (Cowieson & Adeola, 2011). Choosing
the appropriate enzyme product depends on the constituents of the plant material in the diet. Using enzymes to
reduce the water holding capacity of the material may have a positive influence on nutrient absorption. In
addition, liberation of galactose monomers from the degradation of the pectin fraction and the raffinose series
may also improve the metabolizable energy value of soybean (Slominski, 1994; Ao et al., 2010; Pettersson &
Pontoppidan, 2013). A multienzyme product from Aspergillus aculeatus, sold as a commercial solution to
maximize energy utilization of vegetable protein sources in animal production, contains a unique blend of
hemicellulases and pectinases. However, a comprehensive study of the active enzymes in the product is not
publically available.

The objective of the current study is to demonstrate the impact of the commercial multienzyme product on the
NSPs present in soybean by viscosity measurements, NSPs analyses and the use of microscopy and labelling
techniques (antibodies and histochemical staining).

2. Method
2.1 Plant Material

SBM, in the form of flakes, were obtained from solvent extracted, defatted and toasted soybean originating from
Argentina, Brazil, India or US and procured from DSM, Australia. Organic whole soybean seeds were obtained
from a local health store in Copenhagen, Denmark.

2.2 Enzyme

RONOZYME" VP, is a classical multienzyme product obtained by fermentation of a wild type organism
(Aspergillus aculeatus) and available from DSM Nutritional Products, Basel, Switzerland as a liquid commercial
enzyme product. It is declared to have an endo-glucanase activity of 120 FBG/mL (Fungal Beta-Glucanase
units/mL) but is also known to contain various hemicellulase and pectinase activities. The product is stable in gut
environments under low pH and remains active in the small intestine and was used in the current studies. The
activity of a pure mannanase (experimental) was also studied using fluorescence microscopy and compared to
the mannanase activity in the commercial product.

2.3 Viscosity

Viscosity studies were conducted using a pipetting workstation, Hamilton, with eight microprocessor-controlled
pipetting channels that are analogous to manual pipettes. It is capable of pressure sensing during aspiration and
dispensing of solutions. The viscosity pressure (ViPr) assay displays a linear correlation between pressure
measured (Pa) and kinematic viscosity. During the complete aspiration and dispensing process the air
displacement is continuously monitored in intervals of 10 ms by a pressure sensor to verify an uninterrupted
substrate flow. Pressure measured in this work is defined as viscosity determined in relation to the ViPr assay. A
decrease in viscosity would indicate enzymatic degradation of a viscous polymer into smaller less viscous
oligomers.

2.4 Substrates for Viscosity

The substrates galactomannan and xyloglucan were obtained from Megazymes, Ireland. A solution of
galactomannan (0.5 g/100 mL) and xyloglucan (1 g/100 mL) was prepared in 0.1 M sodium acetate buffer, pH 5.

Substrate (250 pL) was pipetted in a 96 well microtiter plate (MTP) and incubated with 20 pL of the enzyme
product, or buffer (control), at 40 °C for 30 mins with stirring. A Hamilton STARLET liquid handler (Hamilton)
was programmed to measure pressure during aspiration and dispensation of samples with measurements taken at
15 minute intervals.

2.5 NSP Analyses for Solubilisation of SBM Cell Walls

Triplicate samples of SBM, without enzyme supplementation, or with the addition of the multicomponent
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enzyme at a dose of 15625 FBG/kg SBM were incubated at 40 °C for 4h in a 0.1 M NaAc buffer containing 5
mM calcium. Samples were centrifuged at 2500 xg for 10 minutes and the supernatant was discarded. The
remaining pellet containing the insoluble cell walls was washed twice by re-suspending the sample in the acetate
buffer and discarding the supernatant after centrifugation. Following this procedure the pellet was dried and
cellulose was solubilised with 12 M sulphuric acid and the sample was analysed for non-starch polysaccharide
residues (Theander et al., 1995).

2.6 Microscopy: Embedding and Sectioning

Pieces of approx. 3 x 3 x 6 mm whole soybean seeds (containing seed coat, aleurone layer and storage
cotyledons) were fixed in Karnovsky’s fixative to terminate ongoing biochemical reactions in the plant cells.
Samples were washed in 0.1 M cacodylate buffer pH 7.3 and demineralized water and dehydrated in a graded
series of acetone before infiltration with Spurr’s resin (Spurr, 1969). Infiltrated Spurr’s samples were incubated
at 50 °C for 2 days in a block for solidification. Semithin (2 pm) cross sections were produced on a Super Nova
KL 1500 electronic microtome (Reichert-Jung, Austria).

Small flakes of SBM as well as pieces of whole soybean seeds were fixed in Karnovsky’s fixative washed in 0.1
M cacodylate buffer pH 7.3 and demineralized water and dehydrated in a graded series of ethanol before
infiltration in melted paraplast (paraffin) at 60 °C using Histochoice clearing agent (Sigma-Aldrich).
Paraffin-embedded samples were sectioned into 7-10 um thick sections on a 2030 Biocut microtome
(Reichert-Jung, Austria). De-paraffination was done with Histochoice and a graded series of ethanol.

2.7 Staining

Spurr’s sectioned samples and de-paraffinated SBM were stained with 0.03% (aq) coriphosphine O for 10 min.
Other sections of de-paraffinated SBM were stained with 0.01% alcian blue 8GX (aq) at pH 2.5 dye for 20 mins
(Whiteman, 1973).

2.8 Enzyme Treatment

Thick (7-10 pm) sections of de-paraffinated SBM and whole seeds were treated with the enzyme product or the
experimental mannanase by adding a ~500 pL droplet to the de-paraffinated section directly on the glass side.
Enzyme treatments lasted 3 hours at 39 °C under slight stirring in darkness using either a X100 (0.120 FBG/mL)
or a x500 (0.024 FBG/mL) dilution of the enzyme product.

The commercial enzyme product was diluted in 100 mM acetate buffer pH 5 containing 5 mM calcium acetate.
Experiments using SBM, treated with buffer alone (control without enzyme) for 3 hours under the same
conditions were also conducted. After 3 hours incubation the samples were washed with deionized water.

2.9 Immunocytochemistry

Immunocytochemistry was performed on acetate buffer treated (control) and enzyme treated slides containing
SBM by blocking samples with 5% skimmed milk in 1x PBS for 1 hour and washing at least three times in PBS
buffer followed by incubation with 10-fold dilutions of appropriate rat monoclonal antibodies (LMS, LM6,
LM20, LM21 and LM25) diluted in 5% skimmed milk in 1x PBS for 1 hour. Samples were subsequently
incubated in a 300-fold dilution of anti-rat IgG linked to an Alexa-555 fluorophore for 1'% h and washed in PBS
buffer. Citiflour AF1 (Agar Scientific, UK) anti-fading agent was added to avoid bleaching of fluorescence
signal (Jones et al., 1997). For feasibility, two separate microscope slides were needed for each specimen for
control and enzyme treatment, respectively. A negative control labelling only with the secondary antibody was
made by addition of only secondary antibody for 2 h after blocking with 5% milk and washing with PBS buffer.
Antibodies targeting the different cell wall components were purchased from Plant Probes, UK (Retrieved April
25,2015, from http://www.plantprobes.net/index.php).

2.10 Light and Fluorescence Microscopy

Images were recorded in a Nikon Eclipse 80i FM fluorescence microscope (Japan). A V-2A UV excitation filter
(380-420 nm) with LP450 emission was used for excitation of the fluorescent dye coriphosphine O as well as
autofluorescence from protein bodies. Alcian blue signal was recorded in brightfield mode.

2.11 Confocal Microscopy

Confocal images of immunolabelled samples were acquired from sections of SBM flakes using a Leica CLSM
SP2 microscopy (Heidelberg). A 20x water-immersion objective was used for all images. An excitation laser line
at 543 nm (green) and an emission spectrum from 623-670 nm was used to monitor the Alexa-555
fluorescein-signal from the immunolabelling. This emission spectrum was designated a red color in the LAS AF
Lite (Leica) software. An excitation laser line at 488 nm (blue) and an emission spectrum from 506-523 nm was
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used to monitor the autofluorescence from protein globules. This emission spectrum was designated a green
color. The images were processed in the LAS AF Lite (Leica) software. Autofluorescence was tested using the
same microscope settings as well as a control for unspecific binding of the secondary antibody in soybean.

Contrast adjustments were carried out to improve clarity of images but did not alter overall appearance. Final
image processing, cropping and mounting of the images were done with Adobe Photoshop CS5 and Illustrator
CSs.

3. Results
3.1 Viscosity

Within 30 mins a significant viscosity reduction was observed compared to the control without enzyme when
adding the commercial product to viscous xyloglucan and galactomannan solutions (Figure 1), indicating the
degradation of above polymers due to the presence of xyloglucanases and galactomannanases in the product.

A pa after 30 minutes

Figure 1. Viscosity reduction

Note. Viscosity reduction (APa) after 30 mins of incubation at 40 °C of galactomannan (0.5 g/100 mL) and
xyloglucan solutions (I g/100 mL) supplemented with the commercial enzyme product (Ronozyme VP).
Standard deviations are indicated by error bars.

3.2 In vitro Solubilisation of SBM Cell Walls

Analysis of the in vitro solubilisation of the insoluble cell walls in SBM revealed an overall statistically
significant solubilisation of the sum of all non-starch polysaccharides (Table 1) with a total disappearance of
about 31% (from a total NSP content of 17.1% to 11.7%). For individual neutral sugar residues major and
statistically significant disappearances were observed for arabinose, galactose and glucose with reductions in
insoluble sugar residues of approximately 36, 36 and 39%, respectively. A statistically significant and strong
numerical reduction of rhamnose by 35% was also observed. The solubilisation of xylose and mannose was
about 18 and 14%, respectively, and although not statistically significant this still may represent a considerable
solubilisation of else insoluble constituents that are part of major polysaccharide structures such, e.g.
xyloglucans or galactomannans. For the insoluble acid pectins, analysed as uronic acid residues, a solubilisation
of about 22% was detected.

Table 1. Dry matter content (%) of insoluble cell wall constituents provided as non-starch polysaccharide
residues in SBM after incubation at 40 °C for 4 hours in a buffer system (pH 5, 0.1 M sodium acetate buffer with
5 mM calcium) without or with supplementation of a commercial multicomponent enzyme obtained from
Aspergillus aculeatus

Insoluble non-starch polysaccharide residues (% of dry matter)

Rhamnose Fucose Arabinose Xylose Mannose Galactose Glucose* Uronic acids
Control 0.52A 0.36A 2.22A 091A  0.56A 5.03A 3.86A 3.6A
Enzyme 0.34B 0.27B  1.42B 0.75A  0.48A 3.23B 2.36B 2.8B

Note. *Glucose value includes cellulose; AB: Average values within a column not sharing a capital letter differ
significantly (P < 0.05).
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3.3 Cell Wall Solubilisation Monitored by a Fluorescent Dye and a Basic Dye

To help identify intact cell wall constituents whole soybean tissue was included (Figures 2A-2F). Even though
the oil seed is extensively processed, SBM still showed a quite well preserved, although compressed,
microstructure (Figure 2G).

Figure 2. Microscopy of a solubilisation effect of pectic soybean polysaccharides

Note. The effect of the commercial enzyme product treatment (Ronozyme VP, 0.120 FBG/ml) on soybean tissue
visualized as a reduction in coriphosphine O staining intensity and in alcian blue staining. A and B: Semithin
sections of resin-embedded soybean showing the general seed microstructure of intact soybean tissue with
pectin-rich regions labelled with orange fluorescence. The turquoise-blue color is autofluorescence from protein
bodies within the storage cotyledons and from lignified cell walls. Note that the outer cell layers have become
detached from the cotyledon. C and D: De-paraffinated thick sections of intact whole soybean seed tissue after 0
hours (C) and 3 hours (D) of enzyme treatment. E and F: De-paraffinated thick sections of whole soybean seed
after 0 hours (E) and 3 hours (F) of buffer treatment (negative control). G and H: De-paraffinated thick sections
of SBM after 0 hours (G) and 3 hours (H) of enzyme treatment. I and J: De-paraffinated thick sections of SBM
after 0 hours (I) and 3 hours (J) of buffer treatment (negative control). K-M: De-paraffinated thick sections of
SBM after 0 hours (K), after 3 hours (L) using a 0.024 FBG/ml commercial enzyme conc. and after 3 hours (M)
using a 0.120 FBG/ml commercial enzyme conc. SC — storage cotyledons, TE — testa (seed coat), EP — epidermis,
EN — endosperm, AL — aleurone layer, PB — protein bodies, N — nucleus, arrow — pectin-rich region. Bar = 500
pm (A). Bar =100 um (B-G).
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Spherical protein bodies, showing blue/turquoise autofluorescence from the aromatic amino acids, were packed
tightly together within storage cotyledon cells (Figure 2B).

Enzyme incubations of de-paraffinated sections of whole soybean resulted in an almost complete disappearance
of yellow/orange color, indicating pectinase activity resulting in solubilisation and disappearance of pectic
polysaccharides (Figure 2D) compared to the staining before enzyme treatment (Figure 2C). Control treatments
in acetate buffer (Figures 2E-2F) showed only very slight disappearance of yellow/orange color. Intact soybean
tissue (Figure 2C) displayed structural resemblance to SBM (Figures 2G-2M) and similar results could be
obtained with enzyme treatment using de-paraffinated SBM (Figure 2H). Again SBM control samples, treated in
acetate buffer under same conditions for 3 h, showed insignificant decrease in coriphoshine O staining (Figures
21-2]).

The pectin degradation in SBM was further documented by loss of blue staining from the basic pectin dye alcian
blue in SBM treated with enzyme (Figures 2K-2M). Enzyme incubations resulted in significant disappearance of
blue color using both a 0.024 FBG/mL concentration (Figure 2L, conc. A) and a higher dose at 0.120 FBG/mL
(Figure 2M, conc. B) compared to the acetate buffer treated control (Figure 2K) showing a dose dependency of
alcian blue staining.

Figure 4 shows the controls for pectin specificity of the dyes. As a negative control it is shown that cell walls of
barley grain endosperm neither stain with coriphosphine O (Figure 4B) nor with alcian blue (Figure 4D) as
monocot cereals contain low amounts of pectin. As a positive control, cell walls of the dicot lupin seed storage
cells reacted strongly to coriphosphine O (Figure 4C) and alcian blue (Figure 4E).

3.4 Cell Wall Solubilisation Detected with Monoclonal Antibodies

Monoclonal antibodies developed against a variety of cell wall fibre components were applied to de-paraffinated
sections of SBM incubated beforehand with either acetate buffer (control) or enzyme (Figure 3). Images were
recorded in a confocal microscope displaying the Alexa-555 fluorescein signal in red. The protein
autofluorescence signal was displayed in yellow as a result of an overlay of green and red emissions from both
the blue and green laser line.

After enzyme treatment, the monoclonal antibody signal was significantly reduced or not detectable (images on
the right hand side column) compared to slides incubated in acetate buffer alone (images on the left hand side
column). This indicates a reduction in carbohydrate epitopes e.g. galacturonan, xylogalacturonan, xyloglucan,
mannan or galactan.

The monoclonal antibodies LM20 and LM19, which recognize galacturonan and homogalacturonan epitopes
(Figures 3A and 3C), respectively, bound to the middle lamella region and around cell junctions. The signal from
LM20 and LM19 (Figures 3A and 3C) almost disappeared following enzyme treatment (Figures 3B and 3D).
However, a vague LM19 signal could be noted (Figure 3D). The LM19 has been described as a monoclonal
antibody against apple pectin (Verhertbruggen et al., 2009) but can also bind to SBM (Figure 3C).

LM21 a mannan-directed monoclonal antibody, (Marcus et al., 2010), recognized and bound effectively to the
mannan in the cell walls in SBM in a continuous punctuated manner (Figure 3E) a pattern also observed
previously in other dicots (Ordaz-Ortiz et al., 2009). Upon treatment with enzyme, the LM21 binding
disappeared (Figure 3F) seen as a lack of red signal color due to degradation of mannan. Treatment with pure
monocomponent experimental mannanase provided the same results (data not shown).

Immunofluorescence labelling with monoclonal antibody LM25 towards xyloglucan (Pedersen et al., 2012)
bound abundantly to cell walls lining intercellular spaces on the cytoplasmic side of the cell wall (Figure 3G).
On treatment with enzyme, the LM25 binding was significantly lowered (Figure 3H).

The monoclonal antibody LMS5 bound to galactan (Figure 31) and monoclonal antibody LM6 bound to arabinan
(Figure 3K) in SBM, may indicate the presence of side chains of the pectic rhamnogalacturonan polymer. The
treatment with the commercial enzyme degradation of galactan and arabinan caused a disappearance in the
monoclonal antibody LMS5 signal (Figure 3J) as well as in the monoclonal antibody LM6 signal (Figure 3L).

Figure 4A shows the negative control using only the secondary antibody Alexa-555 showing no unspecific
binding of the secondary antibody to SBM, i.e. the observed signal is due to binding of the secondary antibody to
the primary antibody.
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Figure 3. Confocal microscopy of antibody labelled SBM treated without or with enzyme product

Note. The specific degradation of pectin homogalacturonan epitopes, B-1,4-mannan, xyloglucan, galactan and
arabinan by the commercial product as detected by indirect immunofluorescence within de-paraffinated thick
sections of SBM using monoclonal antibodies. A-D Immunolabelling and binding of LM20 and LMI19
(antibodies to pectin homogalacturonan) to SBM. LM20-labelled SBM control sample (A) treated in 3 hours in
buffer and a LM20-labelled SBM sample (B) after 3 hours treatment with 0.024 FBG/ml enzyme. LM 19-labelled
SBM control sample (C) treated 3 hours in buffer and a LM19-labelled SBM sample (D) after 3 hours treatment
with 0.024 FBG/ml commercial enzyme. E-H: Immunolabelling and binding of LM21 and LM25 (antibodies
to the hemicelluloses B-1,4-mannan and xyloglucan, respectively) to SBM. LM21-labelled SBM control sample
(E) treated 3 hours in buffer and a LM21-labelled SBM sample (F) after 3 hours treatment with 0.024 FBG
enzyme. LM25-labelled SBM control sample (G) treated 3 hours in buffer and a LM25-labelled SBM sample (H)
after 3 hours treatment with 0.024 FBG/ml commercial enzyme. I-L: Immunolabelling and binding of LM5 and
LM6 (antibodies to 1-4-B-D-galactan and 1,5-0-L-arabinan, respectively). LMS5-labelled SBM control sample (1)
treated 3 hours in buffer and a LMS5-labelled SBM sample (J) after 3 hours treatment with 0.024 FBG
commercial enzyme. LM6-labelled SBM control sample (K) treated 3 hours in buffer and a LM6-labelled SBM
sample (L) after treatment with 0.024 FBG commercial enzyme. Bar = 50 pm (A-L).
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Figure 4. Microscopy controls

Note. A: SBM labelled only with secondary antibody goat a-rat Alexa-555 (negative control). B and D: Negative
controls for pectin specificity of the dyes. Cell walls of barley grain endosperm are neither stained by
coriphosphine O (B) nor with alcian blue (D). C and E: Positive controls for pectin specificity of the dyes. Cell
walls of lupin seed storage cells react strongly to coriphosphine O (C) and alcian blue (E). Bar = 50 um.

4. Discussion

The positive effects of NSP degrading enzymes on animal performance, especially in broiler chickens, fed on
cereal grains were assumed to be caused by a combination of depolymerisation of viscous arabinoxylans and a
degradation of the indigestible cell wall (Le et al., 2013). Viscosity reduction improves nutrient absorption and
the degradation of the cell walls improves the liberation of nutrients (e.g. starch and protein) enclosed by the
indigestible cell walls (Pettersson & Aman, 1989; Steenfeldt & Pettersson, 2001). Single commercial enzymes
developed for degradation of type II cereal cell walls are not capable of degrading the complex type I cell wall
matrix of SBM. A complex blend of multiple carbohydrases is required to depolymerize the NSPs present in a
diet containing SBM due to the diversity and complexity of the cell wall components (Huismann et al., 2003).
Successful degradation may lead to improvements in body weight gain, feed conversion efficiency and nutrient
digestibility (Slomski, 2010).

The decrease in viscosity using xyloglucan and galactomannan slurries after incubation with the enzyme product
(Figure 1) indicates the presence of a xyloglucanase or a xyloglucan active — glucanase and mannase in the
product. This in vitro viscosity data agrees well with in vivo studies where inclusion of the enzyme product has
been shown to reduce the viscosity of a SBM containing poultry diet, resulting in improvements in litter quality
as well as increasing the metabolisable energy content of poultry diets (Kocher et al., 2002).

The non-starch polysaccharide analysis indicated that the enzyme product mediated an efficient solubilisation of
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major insoluble polysaccharide structures containing rhamnose, fucose, arabinose, galactose, glucose and uronic
acids (Table 1). Furthermore, viscosity data additionally indicated that soluble xyloglucans and galactomannans
may be readily depolymerised by the product. Overall these data indicate the capacity of the enzyme product to
depolymerize soluble NSPs as well as mediate solubilisation of the cotyledon cell walls as also was shown by
the microscopy techniques employed.

The histochemical dyes coriphosphine O and alcian blue were used to stain pectin in soybean and SBM (Figure

2). An intense yellow/orange fluorescence from pectins (Sun et al., 2008; Moura et al., 2010; Mosele et al., 2011)

was visible in the cell walls of the storage cotyledons cells (Figures 2A and 2B) after staining with coriphosphine

O. This corresponds well with the high amount of pectin (mainly rhamnogalaturonans) present in soybeans

(Huisman et al., 1998, 2003). Besides being used as a stain for detection of pectin in plant sources (Mosele et al.,

2011), coriphosphine O is known to stain other cell components such as DNA and RNA (Mezzanotte et al., 1981)
which can also be seen as labelling of nuclei in Figure 2B. Alcian blue is a dye with high affinity for pectic

substances (Gunawardena et al., 2007; Arend et al., 2008) and was used to support the results found with

coriphosphine O staining showing pectin solubilisation.

Paraffin embedding for enzyme treatments was chosen (Figures 2C-2M and Figure 3) as sample sections can be
de-paraffinated, which enables enzyme access to the sample while other embedding material, such as various
resins, may hinder access of enzymes to their substrates. This technique thus allows to clearly detect the
enzymatic solubilisation of the substrate occurring over time.

To study the effect of several cell wall degrading enzyme activities in the commercial product on specific cell
wall components of soy, commercially available antibodies were used to detect cell wall epitopes (Figures 3A,
3C, 3E, 3G, 31 and 3K) and loss of antibody binding to cell wall components in SBM after enzyme treatment
(Figures 3B, 3D, 3F, 3H, 3J and 3L).

The antibodies to homogalacturonan denoted LM20 generated against Arabidopsis thaliana seed coat mucilage
(Verhertbruggen et al., 2009) were used in this study. It should be noted that Arabidopsis thaliana seed coat
mucilage consists largely of unbranched rhamnogalacturonan although with homogalacturonan elements (Deng
et al., 2006). The solubilisation of pectin by the commercial product, as visualized by loss of coriphosphine O
orange color (Figures 2C-2D and 2G-2H) as well as loss of epitopes binding to antibody LM20, may actually
indicate the presence of rhamnogalacturonase in the product (Figure 3A) since soybeans are assumed to not
contain homogalacturonan (Huismann et al., 2001). The antibody LM19 described as an antibody to
homogalacturonan was isolated following immunization with an apple fruit pectic galacturonan (47%
galacturonic acid, 34% xylose, 6% arabinose, 5% rhamnose, 4% galactose) (Verhertbruggen et al., 2009). The
fact that apple fruit contains 47% and 34% of galacturonic acid and xylose, respectively, the resulting LM19
antibodies elicited may in fact be recognizing xylogalacturonan, which is present in soybean (Huismann et al.,
2003; Nakamura et al., 2002) and not homogalacturonan (Huismann et al., 2001). Thus, critical interpretation of
data is essential when using commercial antibodies generated towards pectin cell wall components of one plant
species and used in experiments to detect their binding to pectin in other plant species which may have another
molecular structure. Binding to SBM by xylogalacturonan antibodies developed against pea xylogalacturonan
could not be shown in our study (results not shown) and these findings are corroborated by others (Huismann et
al., 2003).

The commercially available antibodies also detected cell wall epitopes binding to mannan (LM 21) and
xyloglucan (LM 25) and after enzyme treatment these signals were decreased which could be attributed to
activity of mannanase and a xyloglucan solubilizing enzyme (Figures 3F and 3H). This data corroborates well
with the viscosity data in this study (Figure 1). Treatment with a pure experimental mannanase provided the
same results (data not shown) strengthening the assumption that it was mannanase activity in the enzyme product
that removed the mannan epitopes. Viscosity and microscopy data indicated the presence of endoglucanases in
the multicomponent enzyme. An endoglucanase from Aspergillus niger has not only been shown to degrade
glucan but also has a major activity towards xyloglucan (Hasper et al., 2002).

Arabinan and galactan, the side branches of rhamnoglacturonan, could also be detected in SBM (Figures 31 and
3K) in spite of the conditions undergone by the SBM during processing indicating the high resistance of the
pectic components to degradation during the heat and solvent treatment in order to extract oil (Pettersson &
Pontoppidan, 2013). The commercial antibody termed as LM21 towards mannan, displays a wide recognition of
mannan, glucomannan and galactomannan polysaccharides in several species (Marcus et al., 2010). LM 25,
antibody to xyloglucan can also bind to xyloglucan polymers in several species. Likewise the arabinan antibody,
LM 5 recognises a linear pentasaccharide in (1-5)-a-L-arabinans (Willats et al., 1998) and the galactan antibody,
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LM 6 recognises a linear tetrasaccharide in (1-4)-B-D-galactans in several species (Willats et al., 1998;
Verhertbruggen et al., 2009). As soybean cell wall consists of the above described polysaccharides (Nakamura et
al., 2001) binding of the antibodies to the relevant epitopes in the cell walls and their consequent visualisation as
well as disappearance after enzyme treatment made it relatively suitable to follow enzyme activity in this study.
A better understanding of the chemical structure and location of the different cell wall polysaccharides will lead
to an improved understanding of the enzyme specificity required to more efficiently degrade these components.
Immunohistochemistry offers a platform for the interpretation of the morphological location of the complex
structural carbohydrates and can also be used for monitoring the effect of specific enzyme activities on these
structures. Using monoclonal antibodies that bind to specific epitopes in pectins or hemicelluloses can in a
simple manner be used to visualize the specific degradation of target carbohydrates. Analyzing the chemical
composition of a carbohydrate is fairly easy, but elucidating the structural features and actual substitution pattern
is far from straightforward. The intricate structural features of the pectin in soybean cell walls is the reason why
these cell walls are quite resistant to enzymatic degradation (Huismann et al., 2003) but in the current study it
was shown that the enzyme product could degrade a number of these structures.

5. Conclusion

To our knowledge it is the first time that a combination of dietary fibre analysis, viscosity measurements and
immunochemical microscopy has been used to elucidate the specific solubilisation and degradation of pectins
and several hemicelluloses present in the soybean cell wall using a commercially available multi enzyme
product.

Processing of soybean to obtain SBM does not eliminate the binding potential of specific antibodies to the
respective epitopes in SBM substrate. The enzyme product solubilised and, most likely, degraded the indigestible
carbohydrate fraction which indicates that processing does not alter the structure of this fraction in such a way
that it becomes inaccessible for enzymes.

The use of monoclonal antibodies combined with confocal laser scanning microscopy proved to be an efficient
tool for the specific visualisation of carbohydrate solubilisation and this technique may prove useful for studying
the efficacy of multicomponent cell wall degrading enzymes in the future.
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